Abstract. Wound healing is a highly orchestrated, multistep process, and delayed wound healing is a significant symptomatic clinical problem. Keratinocyte migration and re-epithelialization play the most important roles in wound healing, as they determine the rate of wound healing. In our previous study, we found that Src, one of the oldest proto-oncogenes encoding a membrane-associated, non-receptor protein tyrosine kinase, promotes keratinocyte migration. We therefore hypothesized that Src promotes wound healing through enhanced keratinocyte migration. In order to test this hypothesis, vectors for overexpressing Src and small interfering RNAs (siRNAs) for silencing of Src were used in the present study. We found that the overexpression of Src accelerated keratinocyte migration in vitro and promoted wound healing in vivo without exerting a marked effect on cell proliferation. The extracellular signalregulated kinase (ERK) and c-Jun N-terminal kinase (JNK) signaling pathways play important roles in Src-accelerated keratinocyte migration. Further experiments demonstrated that Src induced the protein expression of matrix metalloproteinase-2 (MMP-2) and decreased the protein expression of E-cadherin. We suggest that ERK signaling is involved in the Src-mediated regulation of MMP-2 expression. The present study provided evidence that Src promotes keratinocyte migration and cutaneous wound healing, in which the regulation of MMP-2 through the ERK pathway plays an important role, and thus we also demonstrated a potential therapeutic role for Src in cutaneous wound healing.
Introduction
Cutaneous wound healing is a dynamic and well-ordered biological process that involves three critical steps: inflammation, re-epithelialization and tissue remodeling (1) . The re-epithelialization process plays the most significant role and requires the proper migration and proliferation of keratinocytes at the periphery of the wound (2) . Keratinocyte migration is a complex process that involves the serial activation of kinases and cytokines. Src, one of the proto-oncogenes encoding a membrane-associated, non-receptor protein tyrosine kinase, has been implicated in the regulation of a wide range of cellular functions, including cell proliferation and cell migration (3) . In normal and oncogenically transformed cells, it has ben proposed that Src family kinases regulate cell migration (4) (5) (6) . Additionally, it has been demonstrated that Src is essential for wound healing in Drosophila as well as wound responses and tissue regeneration in zebrafish (7, 8) . Another study has reported that the activation of Src promotes wound healing, whereas the inactivation of Src inhibits wound closure in mouse corneal epithelial cells (9) . However, it remains unclear whether the role of Src in cutaneous wound healing is related to the regulation of keratinocyte migration.
Keratinocyte migration also depends on the loss of cell-matrix and cell-cell adhesion; the ability of keratinocytes to detach from the underlying basal lamina and migrate through the fibrin and extracellular matrix (ECM) meshwork of the wound is important to the re-epithelialization process. Matrix metalloproteinases (MMPs), which degrade different components of the ECM, are essential for keratinocyte migration. Following cutaneous injury, MMP expression is temporally and spatially regulated in the wound; this helps to initiate and maintain keratinocyte migration and is necessary for wound re-epithelialization (10) (11) (12) . Human keratinocytes synthesize and secrete mainly MMP-1, MMP-2, MMP-9 and MMP-10 (2). Several studies have linked the gelatinases, MMP-2 and MMP-9, contribute to cancer, infectious diseases, inflammation, vascular diseases and wound healing (10, 12, 13) . The mitogen-activated protein kinase (MAPK) signaling pathway has been implicated in MMP-2 expression in oral cancer cells (14) . Moreover, E-cadherin is a protein which mediates cell-cell adhesion by forming homodimers on adjacent cells. Accordingly, these data prompted us to investigate the function of MAPK, MMPs and E-cadherin in the regulation of Src-mediated keratinocyte migration in wound healing.
We hypothesized that Src accelerates keratinocyte migration, at least in part, through MAPK, MMPs and E-cadherin. To test this hypothesis, keratinocytes and in vivo wounds were pre-treated with vector pcDNA3.1(+)-Src for overexpressing Src and Src-specific small interfering RNA (siRNA) for the silencing of Src, and then the effects on MAPK activation, cell migration, E-cadherin, MMPs and wound healing were determined. Our in vitro study found that Src promoted keratinocyte migration through the upregulation of MMP-2 and the downregulation of E-cadherin, and that the extracellular signal-regulated kinase (ERK) pathway was involved in the Src-induced increase of MMP-2. Our in vivo experiments showed that Src accelerated wound healing. Thus, the present study offers valuable insights into the molecular mechanisms responsible for keratinocyte migration and wound healing, and it provides a rationale for the therapeutic effect of Src on cutaneous wound healing.
Materials and methods

Animals and antibodies.
Adult male Sprague-Dawley (SD) rats (n=50) weighing 220-250 g were purchased from the Center of Experimental Animals at the Fourth Military Medical University (FMMU; Xi'an, China). The experiments were conducted in accordance with the Guide for the Care and Use of Laboratory Animals of the FMMU, and all experimental protocols used in this study were approved by the Animal Care Committee of the FMMU.
Cell culture. All human tissues were obtained from 4 patients (mean age, 30 years) at Xijing Hospital (Xi'an, China). Hypertrophic scar and surrounding normal skin tissues were obtained from the same patients. Prior to the experiment, all patients were informed about the purpose of the study as well as the procedures, and voluntarily agreed to provide tissue. Written consent was obtained from all participants, and all protocols were approved by the Ethics Committee of Xijing Hospital, which is affiliated with the FMMU. Briefly, the epidermal layer of human keratinocytes was separated from the dermis and placed into a sterile 15-ml conical tube containing 2 ml 0.05% trypsin-EDTA. The cells were incubated at 37˚C for approximately 15 min, during which time the cells were triturated using a 2-ml pipette every 2-3 min to aid cell dissociation. The cells were centrifuged at 180 x g for 7 min at room temperature. After resuspension, the primary keratinocytes were seeded in 75 cm 2 tissue culture flasks at a density of approximately 3x10 6 cells/ flask in 15 ml keratinocyte serum-free medium (KSFM) with the addition of bovine pituitary extract (both from Gibco, Grand Island, NY, USA), and 1% antibiotics (penicillin-streptomycin, both 100 U/ml). The medium was changed every 2 days until the cells reached confluence, and the keratinocytes were cultured continuously until use.
Western blot analysis. The keratinocytes were washed with ice-cold phosphate-buffered saline (PBS) and lysed using RIPA buffer supplemented with protease and phosphatase inhibitor mixtures (Heart Biological Technology Co., Ltd., Xi'an, China) on ice. The lysates were separated by centrifugation at 4˚C and 14,000 x g for 10 min. Subsequently the protein concentration was determined using a bicinchoninic acid (BCA) assay (Pierce, Rockford, IL, USA). Fifty micrograms of total protein was subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to PVDF membranes (Millipore Corp., Bedford, MA, USA). After blocking with 5% non-fat milk, the membranes were incubated with mouse anti-Src (1:200, sc-8056; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA), rabbit anti-ERK1/2 (4695), anti-phosphorylated (p-)ERK1/2 (4370), anti-c-Jun N-terminal kinase (JNK) (9258), anti-p-JNK (4668), anti-p38 (8690), anti-p-p38 (4511) (all at 1:1,000 dilution; Cell Signaling Technology, Inc., Danvers, MA, USA), mouse anti-MMP-2 (ZS-135950), goat anti-MMP-9 (ZS-68400, both at 1:200 dilution; Zhongshan Jinqiao Biological Technology, Co. Ltd., Beijing, China), mouse anti-E-cadherin (1:1000, 610181; BD Biosciences, Franklin Lakes, NJ, USA), goat anti-actin (1:200, sc-1616; Santa Cruz Biotechnology, Inc.) overnight at 4˚C. The following day, the membranes were incubated with horseradish peroxidaseconjugated secondary antibodies (1:3,000) at 37˚C for 1 h. The immunoreactive proteins were then visualied using ECL western blotting detection reagent (Millipore Corp., Billerica, MA, USA) and detected using the MultiImage Light Cabinet filter positions (Alpha Innotech Corp., San Leandro, CA, USA).
Plasmid vector for Src overexpression and siRNA for silen cing of Src expression. Full-length human Src cDNA was amplified by reverse transcription-polymerase chain reaction (RT-PCR) from normal skin RNA. The PCR products were digested with NheI and KpnI, and subcloned into the eukaryotic expression vector, pcDNA3.1(+) (GeneCopoeia, Rockville, MD, USA). The recombinant pcDNA3.1(+)-Src plasmid (GeneCopoeia) was confirmed by sequencing. The keratinocytes were plated in 60 cm 2 wells for 24 h prior to transfection. Thereafter, the cells were transfected with either 5 µg pcDNA3.1(+)-Src plasmid or the empty vector (GeneCopoeia) using Lipofectamine 2000 transfection reagent (Invitrogen, Carlsbad, CA, USA). The siRNA (80 nM; Thermo Fisher Scientific, Waltham, MA, USA) duplex sequence was as follows: sense, 5'CGAGUGCCUUAUCCAAGAATT-3'. The cells transfected with scrambled siRNA (Thermo Fisher Scientific) (sense, 5'UUCUUGGAUAAGGCACUCGTT-3'), which were the mock group, were also transfected using Lipofectamine 2000 transfection reagent. Western blot analysis was performed after an additional 48 h.
Flow cytometric analysis.
Cell cycle distribution was analyzed by flow cytometry (FACSAria; BD Biosciences). Primary keratinocytes were divided into the following groups: control, pcDNA3.1(+), pcDNA3.1(+)-Src, mock and also the Src-siRNA transfected groups. Twenty-four hours after transfection, the cells were harvested, rinsed with PBS, fixed with 95% (v/v) ice-cold ethanol and resuspended in staining buffer containing FITC-Annexin V and propidium iodide (PI). The mixture was then incubated in the dark at room temperature for 15 min. The DNA contents of the stained nuclei were analyzed, and the number of cells in each cycle phase was calculated.
In vitro cell migration assays. In the present study, the keratinocytes transfected with pcDNA3.1(+)-Src plasmid ,Src-siRNA, pcDNA3.1(+), scrambled siRNA (mock group) and untransfected cells (as control), were grown to confluence in 12-well plates in KSFM containing 10 µg/ml mitomycin C (Invitrogen) for 1 h to completely inhibit cell proliferation. A straight scratch was made on the keratinocytes using a P200 pipette tip. The cells were then washed with PBS three times, and further cultured in KSFM. After incubating for 0, 12 and 24 h, the gap width of scratch re-population was measured and recorded, and then compared with the initial gap size at 0 h. Using the ImageJ image processing program, the size of the denuded area was determined at each time point from the digital images. Where indicated, the cells were treated with JNK inhibitor (SP-600125 at 30 µM; Sigma-Aldrich, St. Louis, MO, USA) or the ERK inhibitor (PD-98059 at 30 µM; Beyotime, Haimen, China) 1 h prior to experiments.
Immunocytofluorescence analysis. For immunocytofluorescence analysis, keratinocytes were fixed with 4% paraformaldehyde. Cells were permeabilized with Triton X-100 and then blocked with BSA. Cells were incubated with anti-E-cadherin (1:100, 610181; BD Biosciences) at 4˚C overnight and with CY3-555 IgG antibody (A28180; Invitrogen) at 37˚C for 1 h on the following day. DAPI was used for nuclear staining. Images were captured by an FSX100 microscope (Olympus, Tokyo, Japan).
In vivo wound closure assay. Following anesthetization, a 1.0x1.0-cm 2 full-thickness wound was punched onto the back of male SD rats. To evaluate the effect of Src on wound healing, 20 µg pcDNA3.1(+)-Src plasmids and 400 nM Src-siRNA duplexes were topically transfected into the epidermis surrounding the wounds at four sites on days 1, 5, 9, 13 and 17 for a total of five doses. The same quantity of empty plasmid and scrambled siRNA were used as controls. The process of wound healing was digitally photographed and recorded. Wound area measurement was performed by digital planimetry using ImageJ software. The relative residual wound area was calculated as the ratio between the residual wound area at a given time point and the original wound area x 100%. At least 10 rats were used for each time point examined. The average unhealed wound gap was defined as the distance between the advancing edges of epidermal keratinocyte migration. All images were captured with the FSX100 microscope; multiple overlapping pictures were used to artificially reconstitute the entire wounds.
Statistical analysis. Each experiment was repeated at least three times, and the data are presented as the means ± SEM. Statistical differences between groups were analyzed by the Student's t-test or the Mann-Whitney U test as appropriate using SPSS 13.0. A P-value <0.05 was considered to indicate a statistically significant difference.
Results
Src promotes keratinocyte migration and does not markedly affect keratinocyte proliferation in vitro.
Keratinocyte migration and proliferation determine the rate of wound re-epithelialization (1). In order to examine the role of Src in keratinocyte migration in vitro, we first constructed vector for overexpressing Src [pcDNA3.1(+)-Src] and siRNA for silencing Src (Src-siRNA). Western blot analysis confirmed the effective overexpression of Src and silencing of Src (Fig. 1) . Subsequently, scratch wound healing assays were performed in order to evaluate the effects of overexpressing Src and silencing of Src on keratinocyte migration. The cells were pre-treated with mitomycin C for 1 h to inhibit proliferation prior to the scratch assay. The results demonstrated that keratinocytes overexpressing Src migrated into over 90% of the scratched area, pcDNA3.1(+)-Src group, while the Src-silenced keratinocytes migrated into only 30% of the area (Src-siRNA-transfected group), compared with the untransfected cells (as control) or negative vectors [mock and pcDNA3.1(+) group] at 24 h postscratching ( Fig. 2A and B) . Flow cytometric analysis showed that Src did not significantly affect the percentage of cells in the G1, G2, or S phase, indicating that Src did not exert a marked effect on cell proliferation (Fig. 2C) . Taken together, these results suggest that Src promotes keratinocyte migration while exerting no marked effect on cell proliferation.
Src promotes cutaneous wound healing in vivo.
Our in vitro experiment indicated that Src promotes keratinocyte migration. As keratinocyte migration plays a very important role in wound healing, we hypothesized that Src promotes wound healing in vivo. As in the previous experiment, the Src-overexpression vector, pcDNA3.1(+)-Src, and Src-siRNA were also applied to wounds of SD rats (data not shown). To test our hypothesis, we first established a rat model of full-thickness wound healing. The pcDNA3.1(+), pcDNA3.1(+)-Src, mock (scrambled siRNA) and Src-siRNA were injected at the wound edges on days 1, 5, 9, 13 and 17 post-wounding. Wound healing was analyzed daily and selected wound images are shown (Fig. 3A) . The results showed that pcDNA3.1(+)-Src transfection significantly accelerated wound closure on 14 and 21 days, while it was observed that the wounds of the Src-siRNA-transfected rats healed at a slower rate on days 14 and 21, indicating that the initial wound healing in the Src group happened as early as day 7 post-wounding (Fig. 3) . Taken together, these results suggest that overexpression of Src at the wound edge accelerates the process of wound healing.
ERK and JNK signaling are involved in Src-promoted keratinocyte migration. In the present study, in order to explore the role of the MAPK pathways in Src-regulated keratinocyte migration, we investigated the activation of MAPK pathways in keratinocytes overexpressing Src and Src-silenced keratinocytes. The results showed that the phosphorylation levels of JNK and ERK were significantly increased in keratinocytes overexpressing Src and decreased in Src-silenced keratinocytes, while the phosphorylation levels of p38 were relatively unchanged (Fig. 4) . These results suggest that the JNK and ERK pathways participate in Src-promoted keratinocyte migration. To further confirm the important role of the JNK and ERK pathways, keratinocytes overexpressing Src were treated with ERK inhibitor (PD-98059 at 30 µM) or JNK inhibitor (SP-600125 at 30 µM) or both. The cells were pretreated with mitomycin C to inhibit cell proliferation prior to the scratch wound-healing assays. The results showed that the ERK inhibitor, PD-98059, and the JNK inhibitor, SP-600125, slowed down the course of scratch gap closure when administered separately, while the combination of the two further slowed the progression (Fig. 5) . Thus, taken together, the results of these experiments indicate that JNK and ERK signaling play a crucial role in the process of Src-promoted keratinocyte migration. 
MMP-2 and E-cadherin are involved in Src-promoted keratinocyte migration.
Many factors play an important role in keratinocyte migration, particularly MMPs and E-cadherin (15, 16) . In order to examine the mechanism of Src-promoted keratinocyte migration, the expression levels of MMP-2, MMP-9 and E-cadherin were determined. The results demonstrated that the expression of MMP-2 was significantly increased in keratinocytes overexpressing Src, and decreased in Src-silenced keratinocytes compared with the untransfected cells (acting as control) or negative vectors, which were the mock and pcDNA3.1(+) groups. The expression of MMP-9 was not changed significantly. By contrast to the results noted for MMP-2, the expression levels of E-cadherin were markedly decreased in keratinocytes overexpressing Src and increased in Src-silenced keratinocytes (Fig. 6) . Thus, our findings suggest that MMP-2 and E-cadherin participate in Src-promoted keratinocytes migration.
ERK signaling is involved in Src-induced changes in MMP-2 expression.
Our results indicated that the ERK and JNK pathways played important roles in Src-promoted keratinocyte migration, and the expression of MMP-2 and E-cadherin changed during this process. In order to further elucidate whether ERK and JNK signaling played an important role in Src-induced expression changes in MMP-2 and E-cadherin, the keratinocytes were transfected with pcDNA3.1(+)-Src vector and then treated with the ERK inhibitor, PD-98059, or the JNK inhibitor, SP-600125, or both. The results demonstrated that PD-98059 alone significantly prevented Src-induced changes in MMP-2 protein expression. The combination of the two inhibitors did not abolish MMP-2 expression. Moreover, no significant change was detected in the protein expression of MMP-9. The protein expression of E-cadherin was almost unchanged when the inhibitors were used on their own or in combination, indicating that a different mechanism was involved in the regulation of E-cadherin (Fig. 7) . Collectively, these results indicate that ERK signaling plays an important role in Src-induced changes in MMP-2 protein expression.
Discussion
Wound healing is a complex process which requires re-epithelialization (17) . Keratinocyte migration is an essential process in wound healing, and involves the serial activation of kinases and cytokines. Studies have demonstrated that Src family members participate in the regulation of the cell cycle, cell proliferation, migration, adhesion, and differentiation (18) . In corneal epithelial cells, Src has been found to be activated along the leading edge of scratch-wounded cultures (9); however, the role of Src in keratinocytes has not previously been reported in depth. In the present study, we found that Src overexpression promoted keratinocyte migration and Src silencing inhibited keratinocyte migration without exerting a marked effect on keratinocyte proliferation in vitro ( Figs. 1 and 2 ). The positive effects of Src on the migration of human keratinocytes suggest that Src plays a significant role in wound re-epithelialization. We also found that Src promoted wound healing in vivo in SD rats (Fig. 3) . Taken together, these results demonstrate that the effect of Src on wound healing was mainly due to its role in keratinocyte migration.
MMPs are an important family of cell migration-related proteins which degrade different components of the ECM. Previous research has shown that MMPs also contribute to cell migration during wound healing (19) . Several studies have demonstrated that following skin wounding, keratinocytes bind with type I collagen to stimulate an epidermal growth factor (EGF) receptor-dependent cascade resulting in the expression of MMPs (20) (21) (22) (23) . Previous research has revealed that exogenous treatment with MMP inhibitors delayed wound healing and re-epithelialization (24, 25) . By contrast, the overexpression of MMPs was found to be detrimental to the wound healing process, and the expression level of MMPs was increased in chronic wounds (26, 27) . These findings suggest that MMPs act positively and also negatively regulate wound healing processes, and collectively they indicate the importance of MMPs in wound healing. In addition, a previous study has shown that Src promotes cancer cell migration by increasing the levels of MMP-2 and MMP-9 (28). Consistent with this, in the present study we found that MMP-2 expression was increased during Src-induced accelerated keratinocyte migration, while the expression of MMP-9 was not changed significantly (Fig. 6) . The inconsistent results may be related to the use of different cell lines in this previous study and our present study.
An essential condition for cell migration is the loosening of adherent junctions which facilitate cell-cell adhesion through homotypic binding between E-cadherin molecules on adjacent cells (29) (30) (31) . Thus, E-cadherin is clearly another important protein in cell migration. A previous study has shown that Src kinase plays a crucial role in the maintenance of epithe- lial integrity by upregulating E-cadherin during epithelial morphogenesis (32) . Similarly, it has previously been suggested that the regulation of E-cadherin expression in lung cancer is also linked to c-Src activity (33) . Furthermore, several studies have demonstrated that the main role of Src in re-epithelialization is to control the adhesion of leading cells by regulating E-cadherin expression (34, 35) . In the present study, we found that E-cadherin expression is partly regulated by Src (Fig. 6) , and we suggest that a reduction of E-cadherin expression plays an important role in Src-promoted keratinocyte migration and accelerated wound healing. Our findings concur with previous research in cancer cell migration (36) .
Src has been implicated in the regulation of signaling pathways associated with cell migration and proliferation, such as Akt, STAT3 phosphorylation and Ras activation (37) (38) (39) . Previous research has indicated that Src is involved in the activation of MAPK in cancer cells and that it is considered a downstream target of Src signaling (40) (41) (42) . MAPKs, including ERK1/2, JNK and p38, have all been implicated in the regulation of cell migration and proliferation (43) (44) (45) (46) . Downregulation of the ERK1/2/MAPK pathway leads to the decreased migration and proliferation of the cell (47) (48) (49) . Notably, the inhibition of Src family kinases suppresses the activation of ERK1/2 (50). Additionally, it has been demonstrated that inhibition of the JNK/MAPK pathway decreases the migration of endothelial cells (51) , and a correlation has been noted between the p38/MAPK pathway and cell migration into the wound along the wound edge (52) . Thus, in the present study the phosphorylation levels of JNK, ERK1/2 and p38 were examined in keratinocytes overexpressing Src and Src-silenced keratinocytes. We found that the phosphorylation levels of JNK and ERK1/2 were significantly increased in keratinocytes overexpressing Src and decreased in Src-silenced keratinocytes, while the phosphorylation levels of p38 were relatively unchanged (Fig. 4) . These findings suggest that the ERK1/2 and JNK pathways play an integral role in Src-regulated wound healing and also that the p38 pathway is not involved in this process. To further understand the mechanisms through which Src regulates wound healing through the ERK1/2 and JNK pathways, keratinocyte migration in vitro was evaluated after treating keratinocytes overexpressing Src with the ERK1/2 inhibitor PD-98059 or the JNK inhibitor SP-600125, or both. The protein expression levels of MMP-2, MMP-9 and E-cadherin were then assessed. We demonstrated that administration of the ERK1/2 inhibitor, the JNK inhibitor, or both, inhibited keratinocyte migration, and the inhibition of ERK1/2 signaling decreased MMP-2 expression; the inhibition of JNK activity did not markedly decrease MMP-2 expression (Figs. 5 and 7) . No significant change was detected in the protein expression of MMP-9 and E-cadherin when inhibitors were used alone or in combination (Fig. 7) . These findings suggest that the ERK1/2 pathway is involved in the process of Src-mediated upregulation of MMP-2. Activation of the MAPK pathway has been previously implicated in the regulation of MMP gene expression (14) . Moreover, it has previously been reported that kaempferol reduces MMP-2 expression by downregulating ERK1/2 signaling pathways in oral cancer cells (14) . The results of the present study reveal that ERK1/2 is involved in the Src-mediated regulation of MMP-2 expression, whereas the protein expression of E-cadherin is regulated through a different mechanism. In the future, in order to elucidate the mechanisms through which Src regulates wound healing via the ERK1/2 and JNK pathways, further investigation is clearly warranted.
In conclusion, in the present study we discovered that the overexpression of Src accelerates wound healing by promoting keratinocyte migration, and that the mechanism appears to involve the upregulation of MMP-2 via the ERK1/2 pathway. These results provide us with a better understanding of the mechanisms responsible for wound healing and provide a novel therapeutic approach with which to improve wound healing.
